Introduction {#Sec1}
============

Colorectal cancer (CRC) is the third most common cancer type in the world^[@CR1]^. Compelling evidence has established that cancer stem cells (CSCs) are a subset of tumor cells with self-renewal capability and multilineage-differentiation potential^[@CR2],[@CR3]^. More importantly, CSCs show more potent abilities in tumor initiation, metastatic progression, recurrence, and therapy resistance than bulk cancer cells, and thus become a major hurdle for cancer eradication^[@CR4],[@CR5]^. Unraveling the molecular mechanisms and signaling pathways driving cancer stemness would be beneficial for identifying invaluable diagnostic, prognostic, and therapeutic targets for clinical applications. However, the factors and mechanisms that determine the acquisition and maintenance of stem-like characters of tumor cells remain incompletely understood.

The Wnt/β-catenin pathway is crucial for the maintenance of stem cells within normal intestine and CSC population in CRC^[@CR6],[@CR7]^. The key step of Wnt/β-catenin pathway involves β-catenin stabilization. In the absence of stimulation, β-catenin is phosphorylated by the destruction complex containing adenomatous polyposis coli (APC), casein kinase 1, glycogen synthase kinase 3β, and Axin1/2, and subsequently undergoes ubiquitin-dependent proteolysis^[@CR8]^. Binding of Wnt ligands to their cognate receptors triggers the recruitment of Axin1 to the receptor-associated scaffold protein Dvl, which leads to the disassembly of destruction complex and the accumulation and nuclear translocation of β-catenin^[@CR9]^. In the nucleus, β-catenin associates with the lymphoid enhancer factor/T-cell factor (LEF/TCF) family of transcription factors, converting them from transcription repressors to activators, thereby activating a wide range of Wnt responsive genes^[@CR10]--[@CR12]^.

The Wnt responsive genes include Wnt pathway effectors and negative feedback regulators^[@CR13]^. Axin2 is a Wnt-induced negative feedback regulator to control timely termination of Wnt-induced transcriptional responses. Compared to the constitutively expressed Axin1, Axin2 interacts less efficiently with Dvl2 and therefore can facilitate β-catenin degradation even in the presence of upstream signaling, a feature important for negative feedback regulation. In line with this notion, knockdown of Axin2, but not Axin1, increases Wnt3a-induced β-catenin dephosphorylation, nuclear translocation, and TCF/β-catenin reporter activity^[@CR14]^. Conversely, pharmacological stabilization of Axin2 blocks aberrant β-catenin activity caused by reduction in APC function^[@CR15]^. Consistent with its function in suppressing Wnt signaling, Axin2 downregulation and truncation have been frequently found in CRC and sessile serrated adenomas, a colon cancer precursor lesion distinct from the typical adenomas^[@CR16],[@CR17]^. Although hypermethylation of *Axin2* promoter is observed in CRC, Axin2 downregulation in the absence of promoter hypermethylation has also been reported^[@CR16],[@CR17]^, suggesting the existence of an additional layer of Axin2 downregulation mechanism in CRC.

miR-103 and miR-107, belonging to the miR-103/107 family by sharing with the same seed sequences, function as "oncomirs" in many types of cancers. Clinically, miR-103/107 overexpression in tumor tissues or circulation is associated with poor survival, recurrence, and lymph node metastasis in various cancers, including colorectal, breast, esophageal, and gastric cancers^[@CR18]--[@CR22]^. Mechanistically, miR-103/107 enhance CRC growth and metastasis via downregulating LATS2, DAPK, and KLF4^[@CR23],[@CR24]^. In breast cancer, miR-103/107 stimulate metastasis and angiogenesis by targeting Dicer and Ago1, respectively^[@CR25],[@CR26]^. Additionally, miR-107 promotes breast tumor progression by targeting let-7^[@CR27]^. Despite these tumor-promoting functions, the impact of miR-103/107 on cancer stemness is still unknown. Here, we report that miR-103/107 target Axin2 to prolong the duration of Wnt/β-catenin signaling, thereby conferring stem-like phenotypes of CRC cells. This miR-103/107-dependent Axin2 downregulation potentiates multiple stem-like features of CRC cells. Furthermore, a signature of miR-103/107 high and Axin2 low expression profile correlates with recurrence and poor overall survival in patients with CRC. Our study reveals a pivotal role of miR-103/107-dependent Axin2 repression in CRC stemness.

Results {#Sec2}
=======

miR-103/107 promote CRC stem-like properties {#Sec3}
--------------------------------------------

Our previous study identified an association of miR-103/107 expression with poor prognosis of CRC patients^[@CR23]^. Since cancer stemness has been tightly linked to poor prognosis by promoting recurrence, metastasis, and treatment resistance, we investigated the impact of miR-103/107 on several stemness-related characteristics of CRC cells, including self-renewal ability, expression of CRC stem-like marker, appearance of side-population cells and tumor-initiation potential. Using a previously established CRC cell system which stably expresses miR-103/107 or a control miRNA^[@CR23]^, we found that miR-103/107 overexpression enhanced the formation of floating tumor spheroids both in number and size under anchorage-independent and serum-free conditions (Fig. [1A](#Fig1){ref-type="fig"}). To test the propagation potential of these spheres, we dissociated the primary spheres for testing the formation of secondary spheres. Again, miR-103/107 overexpression led to a significant increase in the formation of secondary spheres. In the reciprocal experiment, we depleted miR-103/107 in HCT116 cells using sponge technology^[@CR28]^. Expression of miR-103/107 sponge successfully de-repressed DAPK and KLF4, two established targets of miR-103/107 (Fig. [S1](#MOESM1){ref-type="media"}), indicating the effectiveness of this approach. Importantly, we observed an inhibitory effect of miR-103/107 sponge on the formation of both primary and secondary spheres (Fig. [1B](#Fig1){ref-type="fig"}). Consistent with these findings, miR-103/107 overexpression in CRC cells increased the expression of stem-like marker CD44 and the appearance of side-population cells, a stem-like feature (Fig. [1C,D](#Fig1){ref-type="fig"}). Furthermore, miR-103/107 overexpression led to a marked enhancement in the tumor formation capability in nude mice receiving a low number of tumor cells (Fig. [1E](#Fig1){ref-type="fig"}). The tumor-initiation capability (incidence of tumor formation per cell number) of miR-103/107 expressing HCT116 cells was 100-fold higher than that of control cells (Fig. [1E](#Fig1){ref-type="fig"}). Together, these findings identify a role of miR-103/107 in promoting stem-like properties of CRC cells.Figure 1miR-103/107 promote stem-like properties of CRC cells. (**A**,**B**) Tumor sphere-forming abilities of HCT116 cells stably expressing indicated miRNAs (**A**) or miRNA sponges (**B**). Representative images of tumor spheres and sphere sizes (calculated from 30 cells per group per experiment) from indicated cells are shown on the upper panels. The images were taken at 2 (**A**) and 3 (**B**) weeks after cell plating. Quantitative data of sphere numbers are shown on the bottom panels. Scale bars, 50 mm. Data are mean ± S.D. \*\**P* \< 0.005, \*\*\**P* \< 0.0005, n = 3. (**C**,**D**) HCT116 cells expressing indicated miRNAs were assayed by flow cytometry for cell surface expression of stem-like marker CD44 (**C**) and side-population cells (**D**). (**E**) Tumor-initiation ability was measured by subcutaneously transplanting HCT116 derivatives into nude mice at a density of 10^5^, 10^4^, or 10^3^. Seven weeks after transplantation, tumor incidence and tumor-initiation ability (incidence of tumor formation per cell number) were monitored.

miR-103/107 promote CRC stemness via Wnt/β-catenin signaling {#Sec4}
------------------------------------------------------------

Next, we elucidated the underlying mechanism of miR-103/107 in stimulating CRC stem-like features. Wnt/β-catenin signaling represents a major pathway in determining stem cell fate of intestine^[@CR29]^ and promotes CRC stemness^[@CR30]^. We thus examined the influence of miR-103/107 on Wnt/β-catenin signaling activity. As shown in Fig. [2A,B](#Fig2){ref-type="fig"}, miR-103/107 overexpression elevated β-catenin/TCF-dependent reporter activity and nuclear β-catenin abundance, whereas depletion of miR-103/107 by sponge decreased nuclear β-catenin level, both in HCT116 and HT29 cell lines. Furthermore, inhibition of Wnt signaling by a pharmacological inhibitor KY02111^[@CR31]^ blocked miR-103/107-induced stem-like characters, including self-renewal potential and the expression of two stem-like markers, CD44 and DCLK1 (Fig. [2C,D](#Fig2){ref-type="fig"}). These data support a role of Wnt/β-catenin signaling in miR-103/107-enhanced CRC stem-like properties.Figure 2MiR-103/107 promote stem-like properties via Wnt signaling. (**A**) TCF/β-catenin reporter activity in HCT116 or HT29 cells stably expressing indicated miRNAs was assayed by TOP/FOP flash luciferase analysis. HT29 stable lines were established in our previous study^[@CR23]^. (**B**) Nuclear β-catenin abundance in HCT116 (upper panel) or HT29 (bottom panel) cells stably expressing indicated miRNAs or miRNA sponges was measured by immunoblot analysis. PARP1 was used as a nuclear marker and GAPDH was used as a cytoplasmic marker. (**C**) Tumor sphere-forming abilities of HCT116 cells (upper panel) or HT29 (bottom panel) stably expressing indicated miRNAs in the presence or absence of KY02111 treatment. Representative images of spheres and sphere sizes (calculated from 30 spheres per group per experiment) are shown on the top panel. The images were taken at 2 weeks after cell plating. Quantitative data of sphere numbers are shown on the bottom panel. Scale bar, 50 mm. (**D**) Cell surface expression of CD44 (upper panel) or DCLK1 (bottom panel) in HCT116 cells stably expressing indicated miRNAs in the presence or absence of KY02111 treatment. All numerical data are mean ± S.D. \*\**P* \< 0.005, \*\*\**P* \< 0.0005, n = 3.

Axin2 is a direct target of miR-103/107 {#Sec5}
---------------------------------------

Next, we used three bioinformatics algorithms, miRanda (<http://www.miranda-im.org>)^[@CR32]^, TargetScan (<http://www.targetscan.org>)^[@CR33]^ and PicTar (<http://pictar.mdc-berlin.de>)^[@CR34]^, to identify potential miR-103/107 targets. Top hits predicted by all three algorithms were analyzed with Cancer Gene Index ([https://wiki.nci.nih.gov/display/ICR/Cancer+Gene+Index+End+User+Documentation)](https://wiki.nci.nih.gov/display/ICR/Cancer+Gene+Index+End+User+Documentation) to search for negative regulator of Wnt signaling. This analysis recovered Axin2 as the only candidate (Fig. [3A](#Fig3){ref-type="fig"}). We therefore investigated whether Axin2 protein level could be regulated by miR-103/107. Ectopic expression of miR-103/107 in HCT116 cells reduced the expression of Axin2, whereas blockage of endogenous miR-103/107 by sponge elevated Axin2 (Fig. [3B](#Fig3){ref-type="fig"}). Likewise, an increase in Axin2 expression was observed in HCT116 cells expressing antagomiR-103/107 (Fig. [3C](#Fig3){ref-type="fig"}). Importantly, expression of antagomiR-103/107 in HCT116 cells (Fig. [3C](#Fig3){ref-type="fig"}) and HT29 cells (Fig. [S2](#MOESM1){ref-type="media"}) reduced the nuclear levels of β-catenin, and this effect was reversed by two Axin2 siRNAs. These findings support a role of endogenous miR-103/107 in β-catenin stabilization via Axin2. To substantiate that Axin2 is a direct target of miR-103/107, we generated a reporter construct in which the full-length Axin2 3′-UTR was cloned downstream of the luciferase open reading frame. Overexpression of miR-103/107 reduced the activity of this reporter, whereas antagomiR-103/107 elicited an opposite effect (Fig. [3D](#Fig3){ref-type="fig"}). The 3′-UTR of Axin2 contains two putative miR-103/107-targeting sites (Fig. [3E](#Fig3){ref-type="fig"}, upper panel). Mutagenesis of the seed sequence of either site partially inhibited the responsiveness to miR-103/107, whereas mutation of both sites fully blocked miR-103/107-induced downregulation of Axin2 reporter (Fig. [3E](#Fig3){ref-type="fig"}, lower panel). This finding indicates that the two target sites function cooperatively to mediate miR-103/107-induced Axin2 downregulation. In line with the results of reporter assays, the expressions of Flag-Axin2 from a construct lacking the 3′-UTR sequence was not affected by miR-103/107 (Fig. [3F](#Fig3){ref-type="fig"}). Thus, our data demonstrated that miR-103/107 suppress the expression of Axin2 by targeting its 3′-UTR.Figure 3Axin2 is a direct target of miR-103/107. (**A**) Prediction of miR-103/107 targets that regulate Wnt signaling by indicated bioinformatics tools. (**B**) Immunoblot analysis of Axin2 level in HCT116 cells stably expressing indicated miRNAs or miRNA sponges. (**C**) Immunoblot analysis of Axin2 and β-catenin levels in HCT116 cells transiently transfected with indicated antagomiRs and/or siRNA. (**D**) Analysis of luciferase activity in HCT116 cells expressing *Axin2* 3′-UTR reporter and indicated miRNAs (top) or miRNA sponges (bottom). (**E**) Predicted miR-103/107-binding sequences within the *Axin2* 3′-UTR and the sequences of *Axin2* 3′-UTR mutants (Mut) used in this study (top). Luciferase activity in HCT116 cells co-transfected with indicated 3′-UTR-containing reporter constructs and miRNAs (bottom). (**F**) Immunoblot analysis of HCT116 cells transfected with indicated miRNAs and Axin2 construct without its 3′-UTR. All numerical data are mean ± S.D. \*\**P* \< 0.005, \*\*\**P* \< 0.0005, n = 3.

miR-103/107 prolong Wnt signaling duration by targeting Axin2 {#Sec6}
-------------------------------------------------------------

Axin2 is a Wnt-induced feedback regulator to enable timely termination of Wnt signaling^[@CR10],[@CR11],[@CR35]^. We therefore investigated whether miR-103/107-dependent Axin2 downregulation could disrupt this negative feedback loop, thereby extending the duration of Wnt/β-catenin signaling. In HCT116 cells, Wnt3a-induced nuclear β-catenin accumulation was peaked at 8 hr, followed by a rapid decline (Fig. [4A](#Fig4){ref-type="fig"}, left panel). In miR-103/107-overexpressing cells, however, a more persistent induction of nuclear β-catenin was observed. This miR-103/107-induced extension of β-catenin induction period was recapitulated in HT29 cells (Fig. [4A](#Fig4){ref-type="fig"}, right panel). Accordingly, a more sustained induction of β-catenin/TCF reporter activity and Wnt responsive genes, including ASCL2, Myc, PLAUR and S100A4, was found in miR-103/107-overexpressing cells than control cells after Wnt3a stimulation (Fig. [4B,C](#Fig4){ref-type="fig"}). Furthermore, reconstitution of Axin2 expression in miR103/107-overexpressing cells restored the transient induction of β-catenin/TCF reporter activity and Wnt responsive genes. Thus, miR103/107 suppress the negative feedback regulation of Wnt signaling by targeting Axin2.Figure 4miR-103/107-Axin2 axis prolongs the duration of Wnt signaling. (**A**) Immunoblot analysis of nuclear β-catenin levels in HCT116 (left panel) or HT29 (right panel) cells expressing indicated miRNAs and treated with Wnt3a for indicated time points. HT29 stable lines were established in our previous study^[@CR23]^. (**B**) Wnt reporter activity of HCT116 cells stably expressing indicated miRNAs at different time points after Wnt3a treatment was assayed by TOP/FOP flash luciferase analysis. (**C**). mRNA expression levels of indicated Wnt responsive genes in HCT116 derivatives at different time points after Wnt3a treatment was monitored by RT-qPCR. All numerical data are mean ± S.D. \*\**P* \< 0.005, \*\*\**P* \< 0.0005, n = 3.

Suppression of Axin2 by miR-103/107 promotes CRC stemness {#Sec7}
---------------------------------------------------------

Next, we investigated whether Axin2 downregulation contributes to miR-103/107-induced CRC stemness. To this end, HCT116 and HT29 cells stably expressing miR-103/107 and/or Axin2 were established (Figs [5A](#Fig5){ref-type="fig"} and [S3A](#MOESM1){ref-type="media"}). Reexpression of Axin2 in miR-103/107-overexpressing cells blocked the ability of miR-103/107 to increase nuclear β-catenin (Figs [5A](#Fig5){ref-type="fig"} and [S3A](#MOESM1){ref-type="media"}) and to stimulate the formation of tumor spheres (Figs [5B](#Fig5){ref-type="fig"} and [S3B](#MOESM1){ref-type="media"}). Likewise, the effects of miR-103/107 on promoting the expression of stem-like markers CD44 and DCLK1 and the appearance of side-population cells were all abolished by Axin2 overexpression (Figs [5C,D](#Fig5){ref-type="fig"} and [S3C,D](#MOESM1){ref-type="media"}). Furthermore, miR-103/107-induced tumor-initiation capability was also suppressed by Axin2 reexpression (Figs [5E](#Fig5){ref-type="fig"} and [S3E](#MOESM1){ref-type="media"}). These results demonstrated a major role of Axin2 repression in miR-103/107-induced CRC stemness.Figure 5Suppression of Axin2 by miR-103/107 promotes CRC stemness. (**A**) Axin2 and nuclear β-catenin levels in HCT116 cells expressing indicated miRNAs and Axin2 construct were assayed by immunoblot analysis. (**B**) Tumor sphere-forming abilities of HCT116 derivatives as shown in (**A**). Representative of spheres and sphere sizes (calculated from 30 spheres per group per experiment) are shown on the right panel. The images were taken at 2 weeks after cell plating. Quantitative data of sphere numbers are on the left panel. Scale bar, 50 mm. Data are mean ± S.D. \*\*\**P* \< 0.0005, n = 3. (**C**,**D**) HCT116 derivative as shown in (**A**) were assayed by flow cytometry for cell surface expression of stem-like markers CD44 (upper panel) and DCLK1 (lower panel) (**C**) and side-population cells (**D**). (**E**) Tumor-initiation ability was measured by subcutaneously implanting HCT116 derivatives as shown in (**A**) at indicated cell numbers into nude mice. Seven weeks after transplantation, tumor incidence and tumor-initiating ability were measured.

miR-103/107-Axin2 axis contributes to chemoresistance and tumor recurrence {#Sec8}
--------------------------------------------------------------------------

CSCs play crucial roles in driving tumor recurrence and therapy resistance. We therefore tested the impact of miR-103/107-Axin2 axis on these characteristics. Compared with control cells, HCT116 cells overexpressing miR-103/107 were more resistant to oxaliplatin and cisplatin, two chemotherapeutic agents for treating CRC (Fig. [6A,B](#Fig6){ref-type="fig"}). These chemoresistant effects of miR-103/107 were partially inhibited by Axin2 reexpression. To evaluate tumor recurrence, we implanted miR-103/107 derivatives subcutaneously into nude mice. When tumors reached to 50 mm^3^, they were removed by surgical operation and tumor recurrence was monitored at 8 weeks later. While recurrence was not observed in mice injected with control cells, mice injected with miR-103/107-overexpressing cells all exhibited tumor recurrence (Fig. [6C](#Fig6){ref-type="fig"}). Reconstitution of Axin2 expression in miR-103/107-overexpressing cells blocked miR-103/107-induced tumor recurrence. These results demonstrated the roles of miR-103/107-Axin2 axis in potentiating CRC recurrence and chemoresistance.Figure 6miR-103/107-Axin2 axis promotes chemoresistance and tumor recurrence. (**A**,**B**) Viability of indicated HCT116 derivatives in response to the treatment of oxaliplatin (**A**) or cisplatin (**B**). Data are mean ± S.D. \**P* \< 0.05, \*\**P* \< 0.005, \*\*\**P* \< 0.0005, n = 3. (**C**) Tumor-recurrence incidence was measured by subcutaneously implanting HCT116 derivatives carrying firefly luciferase into nude mice. The primary tumors were removed when they reached to 50 mm^3^. Eight weeks later, tumor recurrence at the primary site or distant regions was monitored by bioluminescent imaging using IVIS image system. Representative IVIS image is shown on the left panel, whereas the incidence of tumor recurrence is on the right panel.

miR-103/107-Axin2 axis is manifested in CRC patients and correlates with poor survival {#Sec9}
--------------------------------------------------------------------------------------

To evaluate the clinical relevance of miR-103/107-induced Axin2 repression, we analyzed Axin2 and miR-103/107 expression by immunohistochemistry (IHC) and *in situ* hybridization (ISH), respectively, on consecutive slides derived from a cohort of CRC specimens. Representative images from CRC specimens were presented in Fig. [7A](#Fig7){ref-type="fig"}. This analysis revealed that miR-103/107 expression correlated inversely with Axin2 expression (Fig. [7B](#Fig7){ref-type="fig"}), suggesting the existence of miR-103/107-dependent downregulation of Axin2 in this cohort of CRC patients. More importantly, patients with a combined miR-103/107 high and Axin2 low expression signature had a poor overall survival and disease-free survival compared to other patients (Figs [7C](#Fig7){ref-type="fig"} and [S4](#MOESM1){ref-type="media"}). Furthermore, consistent with a role in chemoresistant determination, miR-103/107 expression was higher in tumors from patients who didn't respond to oxaliplatin versus who did (Fig. [7D](#Fig7){ref-type="fig"}). These data support a clinical relevance of miR-103/107-Axin2 axis in CRC and an association of its hyperactivation with poor prognosis.Figure 7MiR-103/107-Axin2 axis correlates with poor prognosis of CRC patients. (**A**) Representing ISH staining for miR-103/107 expression and IHC staining for Axin2 expression in two CRC patient specimens. Bar, 50 mm. (**B**) Inverse correlation of miR-103/107 expression and Axin2 expression in CRC specimens. Pearson correlation test was used for comparison between groups. (**C**) Kaplan--Meier analysis of overall survival and disease-free survival of CRC patients with the corresponding expression profiles. Log-Rank test was used for comparison between groups. (**D**) Comparison of miR-103/107 level by response of patients to oxaliplatin treatment. Response group includes complete or partial response, while non-response one includes stable or progressive disease. Data are mean ± S.D.

Discussion {#Sec10}
==========

In this study, we identify a new function of miR-103/107 in promoting multiple stem-like properties of CRC, including expression of stem-like markers, appearance of side-population cells, and capabilities in self-renewal, tumor initiation, tumor recurrence and chemoresistance. Mechanistically, these functions of miR-103/107 are mediated by upregulating Wnt/β-catenin signaling. We further identify Axin2 as a target of miR-103/107. By repressing Axin2, miR-103/107 facilitate a persistent induction of Wnt/β-catenin signaling and Wnt responsive genes. Since several Wnt responsive genes contribute to CRC stemness^[@CR36]--[@CR38]^, suppression of Axin2 is likely a prime mechanism for the stemness-promoting function of miR-103/107. In support of this notion, enforced Axin2 expression blocks the ability of miR-103/107 to enhance stem-like features in CRC. Our study thus identifies a critical role of miR-103/107-dependent repression of Axin2 in CRC stemness. Although miR-107-dependent repression of Axin2 was previously reported to facilitate cell proliferation in hepatocellular carcinoma^[@CR39]^, our study further extends the impact of this pathway to CRC stemness. Given the tight association of stem-like properties of cancer cells with tumor initiation, progression, metastasis and therapy resistance, miR-103/107-Axin2 axis is likely a potential target for treating aggressive CRC.

We show that the expression of miR-103/107 correlates inversely with that of Axin2 in a cohort of CRC patients, demonstrating the clinical relevance of miR-103/107- Axin2 axis in CRC. This finding also identifies miRNA-mediated repression as a new mechanism for Axin2 downregulation in CRC, complementary to the previously reported promoter hypermethylation mechanism^[@CR16],[@CR17]^. Consistent with the promoting role of miR-103/107- Axin2 axis in CRC stemness, we reveal a correlation of miR-103/107 high and Axin2 low expression profile with poor overall and disease-free survival, indicating the prognostic value of this axis.

While current study reveals the stemness-enhancing function of miR-103/107, our previous study identified the ability of these two miRNAs in promoting CRC migration, invasion, and metastasis by repressing DAPK and KLF4^[@CR23]^. Thus, miR-103/107 would endow tumor cells with both stem-like features and invasive ability which could act in concert to facilitate the generation of circulating tumor cells (CTCs) with stem-like properties, a cell population with a high incidence of colonization at the distant sites. In line with this notion, miR-103 and/or miR-107 have been detected in the circulation of patients with CRC or other cancer types. More importantly, the presence of circulating miR-103/107 is associated with poor survival, recurrence, and lymph node metastasis in many cancer types^[@CR18]--[@CR21],[@CR40]^. Since such circulating miR-103/107 could be originated from CTCs carrying these miRNAs, the stemness-promoting function of miR-103/107 might contribute in part to the linkage between circulating miR-103/107 and poor prognosis.

Previous studies indicated that the expression levels of miR-103 and miR-107 are elevated under hypoxia^[@CR23],[@CR25]^, a condition frequently occurring in the tumor microenvironment. Thus, the miR-103/107-induced Axin2 downregulation and sustained activation of Wnt/β-catenin signaling should be further aggravated in hypoxia conditions. In line with this notion, a previous report demonstrated the promoting effect of hypoxia on Wnt signaling and CRC stemness^[@CR41],[@CR42]^. It would be important to substantiate the contribution of miR-103/107 to hypoxia-induced Wnt activation.

In summary, we show that miR-103/107 target Axin2 to lead to a sustained Wnt/β-catenin signaling, thereby promoting multiple stem-like features of CRC. Clinically, the miR-103/107-Axin2 axis is manifested in CRC patients and its hyperactivation correlates with poor prognosis. Our study thus supports a rational design of targeting miR-103/107-Axin2 axis for CRC treatment.

Materials and Methods {#Sec11}
=====================

Cell culture and transfection {#Sec12}
-----------------------------

HCT116 and HT29 cells were obtained from American Type Culture Collection and cultured in RPMI-1640 medium containing 10% fetal calf serum (FCS). 293FT cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FCS. Transfection was carried out by Lipofectamine 3000 Reagent (Invitrogen) or calcium phosphate method. Stable cell lines were generated by lentivirus transduction as described previously^[@CR23]^.

Plasmids {#Sec13}
--------

Plasmid encoding miR-103/107 sponge was constructed by placing 12 copies of miR-103/107 binding site downstream of a *GFP* gene in a lentivirus-based vector with a 6-nt spacer between each binding site. A 3-nt mismatch bulged region that prevents cleavage of the sponge transcript was placed in the center of each binding site as described previously^[@CR28]^. To generate *Axin2* 3′-UTR construct, *Axin2* 3′-UTR fragment was amplified from the genomic DNA of 293 T cells and then inserted into psiCHECK-2 vector. *Axin2* 3′-UTR mutants were generated by site-directed mutagenesis. The Axin2 expression constructs were generated by inserting *Axin2* cDNA fragment amplified from HCT116 cells into pRK5 vector and lentivirus-based vector.

Antibodies and reagents {#Sec14}
-----------------------

Antibodies used in this study were obtained from commercial sources as follows: anti-β-catenin (610153; BD Transduction Laboratories), anti-Axin2 (76G2; Cell Signaling/WB; HPA042344; Sigma/IHC), anti-GFP (sc-9996; Santa Cruz), anti-GAPDH (Epitomics), anti-CD44-APC (C26; BD Pharmigen), APC mouse IgG2b k isotype control (BD Pharmigen), anti-DCLK1 (Abcam) and PE conjugated-goat anti-rabbit IgG H&L (Abcam). EGF, bFGF, and Wnt3a were obtained from R&D systems. Verapamil, Hoechst 33342, PI, KY02111, cisplatin, and oxaliplatin were purchased from Sigma. miR-103/107 precursors and miR-103/107 LNAs (antagomirs) were purchased from Ambion and EXIQON, respectively.

RNAi interference {#Sec15}
-----------------

Knockdown of Axin2 was performed by transfection with siRNA oligonucleotides obtained from Dharmacon. The target sequences for these siRNAs are Axin 2 siRNA\#1 5′-AAUGGUGGUGGUGGUGGUGUU-3′ and Axin2 siRNA\#2 5′-AAAUGCGUGGAUACCUUAGAC-3′.

Establishment of stable cell lines expressing miRNA sponges {#Sec16}
-----------------------------------------------------------

Lentiviruses carrying miR-103/107 sponge and control sponge were generated as previously described^[@CR23]^. After infection, cells were selected for the integration of sponge expression element by blasticidin (1 μg/ml). Notably, the miRNA sponge absorbs endogenous miRNA to inhibit the translation of GFP reporter gene containing multiple miRNA binding sites at its 3′-UTR. Only when the miRNA sponge is expressed at a level exceeding a threshold, the stable transfectants can become GFP+ cells. To enrich this population of cells, blasticidin-resistant cells were sorted with GFP high expression by FACS. The resulting population is considered as the miR-103/107 sponge expressing line.

Sphere formation assay {#Sec17}
----------------------

To monitor sphere formation, HCT116 and HT29 stable clones were plated on 6-well ultra-low attachment plates at a density of 500 cells per well and cultured in tumor sphere medium as describe previously^[@CR43]^. After 2\~3 weeks, tumor spheres were imaged by an inverted phase-contrast microscope (Olympus) equipped with a CCD camera (Olympus). To quantify the sphere forming ability, cells were plated on 96-well ultra-low attachment plates at a density of 1 cell per well and maintained in tumor sphere medium. After 14 days, the percentage of wells containing tumor spheres was measured.

Flow cytometry analysis {#Sec18}
-----------------------

To assess the cell surface expression of stem cell markers CD44 and DCLK1, trypsinized cells using dissociation buffer (GIBCO) were blocked with Ca^2+^, Mg^2+^-free HBSS containing 2% goat serum. Cells were then incubated with primary antibody for 1 hr at 4 °C, followed by fluorophore-conjugated secondary antibody for at least 30 min at 4 °C. After labeling dead cells by propidium iodide staining, cells were washed and analyzed on a Becton Dickinson FACScan flow cytometer. To assay the side-populated cells with capability to efflux the DNA-binding dye Hoechst 33342, 1 × 10^6^ cells were incubated with pre-warmed growth medium containing 5 mg/ml Hoechst 33342 at 37 °C for 2 hrs. In the control experiments, cells were incubated in the presence of 100 mM verapamil to block Hoechst 33342 efflux. After incubation, cells were washed and subjected to flow cytometry analysis.

Luciferase assay {#Sec19}
----------------

For 3′-UTR analysis, HCT116 derivatives were transfected with psiCHECK-2-based construct containing *Axin2* 3′-UTR downstream of the *Renilla* luciferase gene. The luciferase activity was assayed with the Dual-Luciferase Reporter Assay System (Promega) at 48 hr post transfection.

RT-qPCR {#Sec20}
-------

Total RNAs were extracted from cells by TRIZOL reagent (Invitrogen) and quantified by NanoDrop (Thermo SCIENTIFIC). Reverse transcription was performed using iScript™ cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's instructions.

Quantitative real-time PCR was performed on LightCycler® 480 System with SYBR Green I Master kit (Roche). To normalize the loading of cDNA, GAPDH was used as an internal control. The qPCR primers used in this analysis were ASCL2 forward: 5′-CGTGAAGCTGGTGAACTTGG-3′; ASCL2 reverse: 5′-GGATGTACTCCACGGCTGAG-3′; Myc forward: 5′-GGCTCCTGGCAAAAGGTCA-3′; Myc reverse: 5′-CTGCGTAGTTGTGCTGATGT-3′; S100A4 forward: 5′-GATGAGCAACTTGGACAGCAA-3′; S100A4 reverse: 5′-CTGGGCTGCTTATCTGGGAAG-3′; PLAUR forward: 5′-AAGCTATATGGTAAGAGGCTGTGC-3′; PLAUR reverse: 5′-CCACTTTTAGTACAGCAGGAGACA-3′; GAPDH forward: 5′-TGTTGCCATCAATGACCCCTT-3′; and GAPDH reverse: 5′-CTCCACGACGTACTCAGCG-3′.

Cell viability (MTS) assay {#Sec21}
--------------------------

Cells were seeded at a density of 3 × 10^3^ cells in 96-well plates and treated with cisplatin or oxaliplatin for 48 hr. Cell viability after drug treatment was assessed by adding Cell Titer 96 Aqueous One Solution Reagent (Promega), followed by measuring the Absorbance~490\ nm~ using Paradigm ELISA reader.

Xenograft models and tumor recurrence {#Sec22}
-------------------------------------

All mouse experiments in this study were conducted with approval from the Experimental Animal Committee, Academia Sinica. Six-week-old female BALB/c nude mice were purchased from National Laboratory Animal Center (Taipei, Taiwan) and were maintained under specific pathogen-free conditions. For tumor-initiation ability, HCT116 and HT29 derivatives mixed with Matrigel were injected subcutaneously at various cell numbers. Tumor incidence and tumor initiation ability were monitored at seven weeks after injection. For tumor recurrence, HCT116 derivatives carrying firefly luciferase were injected subcutaneously into nude mice to induce primary tumors. After tumors' size reaching \~50 mm^3^, the tumors were removed by surgery and the recurrence was monitored by bioluminescent imaging using IVIS image system. All animal procedures were conducted according to the guidelines of the Institutional Animal Care and Use Committee (IACUC).

ISH and IHC staining {#Sec23}
--------------------

99 CRC specimens with survival and recurrence information were obtained from US Biomax Inc. and Taipei Medical University Tissue Bank. Studies involving these tissues were approved by the Institutional Review Boards at Taipei Medical University and Academia Sinica. The informed consent of these tissues were specified waived by institutional review board. *In situ* hybridization analysis with 3′ DIG-labeled miRNA-103 LNA and miR-107 LNA (mixed at 1:1 ratio) and immunohistochemical analysis with avidin-biotin-peroxidase method were described previously^[@CR23]^. Slide images were acquired by scanner microscope at 20X microscopic magnification (3DHISTECH). Staining intensity of Axin2 and miR-103/107 were analyzed by HistoQuest3.5 software (TissueGnostics) using Single Reference Shade module for color separation and Total Area Measurement option for quantification as described previously^[@CR44]^.

Analysis of miR-103/107 level from miRNA-seq database {#Sec24}
-----------------------------------------------------

To evaluate miR-103/107 association to chemoresistance in CRC patients, miRNA-seq expression profile and detailed clinical information from CRC patientes were downloaded from The Cancer Genome Atalas (<https://cancergenome.nih.gov/>). The miR-103/107 level of tumor from patients who respond to oxaliplatin or not were retrieved from the reads of per million miRNAs mapped. Patients' response to oxaliplatin were categorized into two groups: response and non-response that include complete or partial response and stable or progressive disease, respectively.
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